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The Big Bang




Cosmological Weather Report

* Today T=3K
» Yesterday was hotter!

e Tomorrow will be colder!
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Periodic table - chemist
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Periodic table - cosmologist




The Universe today:

73% Hydrogen (10-° 2H-deuterium)
26% Helium (10> 3He)
1% Metals

The Universe 3 minutes AB:

76% Hydrogen (10 2H-deuterium)
24% Helium (10> 3He)
10-3% Lithium



Nucleosynthesis

...the process of assembling nuclei either
by nuclear fusion or nuclear fission.
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Nucleosynthesis

...the process of assembling nuclei either
by nuclear fusion or nuclear fission.

Big Bang nucleosynthesis (BBN): within the first three minutes of
the universe and is responsible for most of the deuterium, helium-
4. helium-3, and lithium-7. No elements heavier than lithium could
be formed.

Stellar nucleosynthesis: creates most of the heavier elements
between lithium and iron.

Supernova nucleosynthesis: produces most of the elements
heavier than iron.

Cosmic ray spallation: produces some light elements like lithium
and boron.




Big Bang Nucleosynthesis

1. T> 109K

(Deuterium has a low binding energy)
2. T~10°K
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Big Bang Nucleosynthesis
Big Bang Nucleosynthesis

3. T<10°K
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Big Bang Nucleosynthesis

T <k 10°K

* neutrons decay or absorbed into helium

* universe consists mostly of protons and helium
* p + helium — (no stable element with A=5)

* helium + helium — (no stable element with A=8)
 temperature too low for nucleosynthesis

time {second=)

D 102 0¥ nt
—— — - T

protons




e Mags traction

Number relative to H

Bi

Bang Nucleosynthesis

0.25

0.24

028 £ .
02 & "

=
T L T
=

[
=

1 '-'lh
7]

i

e

=)
&

10710

1 -

Baryon density {1079

g cm

. . Tytler.?

3

=y

E—
- QS0 19371009
P z,, = 3.572
v 20
IE‘:I.
&
Q
v 10 r
= i
E ﬂ-| L L L ] L 1 |__“‘“-|_ | L 1 1 1 | L L
= 5000 sooaﬁhhhhhszfhhh
f ' | ' !

£ D H :
5 | |
£
=
g
Eo.s
=] 1
Z §

ler
I:JI . . |

9333 2360

Wavelength (&)



The Universe 3 minutes AB:

Big bang (rate of change of the temperature)
Nuclear physics (binding energies, reactions)

: |

76% Hydrogen (10 2H-deuterium)
24% Helium (10 3He)
10-3% Lithium



Kepler's supernova

Koray e
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Chandra
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Chandra

Visible

Hubble

.

Infrared

Spitzer

Observed 1604

in Ophiuchus

Peak magnitude = -2.25
Distance < 10 kpc




Cosmology 100 Years Ago

1) Nature of space and time: absolute

2) Origin of the Universe: not an astronomy issue
3) Evolution of the Universe: stationary

4) Arrangement of the Universe:

6,500
light years I

: 30,000 light years

5) Composition of the Universe: starz’ in the hood
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The Hubble Ultra Deep Field
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* A

- The Visible Universe

L]

Spitzer Space Telescope L . M8



NGC253 in Sculptor
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The Invisible Universe

observed

g expected
T from stars
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_' M33 rotation curve
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Ml position of distant star
it passes close to the sun

B light |5 "bani™ by the strong
— -_|r::|'.'|!|1ll:-|'|:|- field of tha sun
——

apparent displacement
‘of star's position

1919 Eclipse Expedition









Gravitational Le&' g




»

Gravitational Lens in Abell 2218 HST - WEPC?2

PF95-14 - ST Scl OPO - April 5, 1995 - W. Couch (UNSW), NASA



Gravitational Lens

Galaxy Cluster 0024+1654
Hubble Space Telescope - WFPC2
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Most of the universe is dark!



The invisible universe
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If we could “see” dark matter



Most of the universe is dark!



Most of the universe is dark!

It ain’t even normal stuff!



Big Bang Nucleosynthesis
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[DENFX matter?

* Modified Newtonian dynamics
* Planets A

» Piwarfistdlienged stars v
gravitational

microlensing

.

brown white

* Black holes



Large Magellanic Cloud
150,000 light years distant -¥-
100 million stars |







L'"' "t;’f l“ﬁ"

]I: 5 Dy I:l._ Day 432, ?jr_ " Day 435.4]

Y Wﬂ}'

':- Day 435-¢]l B D=y 4425IF‘- _Il ® Iay 4??41

i' "
I e d




Event 2

T T T
[ —

| |

040

560 580
days from 2 Jan 18892

600



Most of the universe is @@FIK 1

* Modified Newtonian dynamics
* Planets
 Size challenged stars

brown white
 Black holes

* Fossil remnant of the big bang



* Most of the universe is invisible
* Dominated by the rest mass of an
elementary particle
— present in the primordial soup
— massive
— neutral
— weakly interacting
— slow
— stable



Direct detection







Primordial Soup
KNOWN INGREDIENTS:

56% QUARK
(STRONG.FORC

16% GLUONS
9% ELECTR

9% W's AND Z's (

5% NEUTRINOS

2% PHOTO FORCE)
2% GRAVI DRCE)
1% HIGGS |







CAL+TES END VIEW 16-JUL-1%%6 15:48 | Run 88045 Event
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LHC - 27 km circumfrence

(size does matter)
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Atlas Detector at CERN




Desperately seeking

SUSY
photons «— photinos
selectrons <+<—— electrons
squarks «—— quarks

gravitons +«—— gravitinos
wino — W

Lightest superpartner stable!



Space and time are

related.
1905

Space is dynamical
(curved, warped, bent).

1915

Empty space has a
weight.
1917

Dark enerqy:

3
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Dark en erqy

1917 Einstein proposed
cosmological constant.

1929 Hubble discovered
expansion of the Universe.

1934 Einstein called it .
“my biggest blunder.” x

1998 Astronomers found
evidence for it.




distance

Qur Cosmic Destiny

| /

Cosmological term

expands forever
.\ever slowing

Without A

/

collapses

age of the universe



Vacuum pressure

ﬂ E,=py V;

had to pull piston
“negative pressure”

E,=py V,

E,>E,
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Supernovae

~



SN 1987A :theLMC
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Supernova 1998ba
Supernova Cosmology Project

(Perimutter, ef al, 1998)
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Centaurus A
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Type la supernova are standard candles
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Cosmological constant
(Dark energy)

Mass density of space: {107 gcm™

The unbearable lightness of nothing!

Cosmo-illogical constant?



1A% 2

Geometry = Matter
Curvature = Matter

i.-; E_ZI.ERD CURVATURE POSITVE CURVYATURE NEGATIVE CURVATURE

P = Pc P > Pc P < pc

exXxpansion

time



The sound horizon

Sound travel distance known

...... Hyperbolic (open)
—— Flat (Euclidean)

Spherical (closed)



Looking out in space is
looking back in time.

CBR: a snapshot of the
universe 380,000 AB

age=380,000 yrs age=0
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The Cosmic Food Chain

Radiation: 0.02%
Heavy elements 0.03%
Neutrinos 0.47%
Visible matter: 0.50%
Dark H & He 3.98%
Dark matter: 25%

Dark energy: 70%



Chemical Elements:
(other than H & He) 0.03%

Neutrinos:
0.47%

Dark Matter:
25%

Nothing
70% matters!

Dark Energy:




Much ado about nothing
(the quantum vacuum)

NOTHING matters!
NOTHING is something!
NOTHING has energy!

NOTHING changes!



in the

anti particle @ particle
O

Nothing is something!



Energy of the quantum vacuum
Observed: p<10™ gcm™
Quantum field theory: O =0 g cm”
Quantum gravity: L = 107" g cm”

+30 3
Supersymmetry: 0<10"" gcm



The Higgs potential

« The quantum vacuum has a Higgs potential

« Higgs field potential gives mass to quanta

like quarks and electrons.
X
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Nothing
has energy!




Energy of the quantum vacuum

Observed: 0 < 1()_30 g cm'3
Quantum field theory: p = o0 g cm™
Quantum gravity: 0= 10™° g cm”
Supersymmetry: Jo 107" g cm”
Higgs potential: 0 ~ -10* g cm”

+20 -3
Other sources: P~ +10 g cim



“To me every hour of
the light and dark is
a miracle. Every
cubic inch of space
is a miracle.”

— Walt Whitman

e cosmic radiation
e virtual particles
* Higgs potential

- dark matter

- dark energy




The Dark Side of the Universe

95% of the
Universe Is Dark!




Dark energy (and Dark Matter)
T

Beware the
Dark Side




